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ABSTRACT
We investigate the spectral shape of the total continuum radiation, between 74 MHz and 5 GHz (400
to 6 cm in wavelength), for a large sample of bright galaxies. We take advantage of the overlapping
survey coverage of the VLA Low-Frequency Sky Survey, the Westerbork Northern Sky Survey, the
NRAO VLA Sky Survey, and the Green Bank 6 cm survey to achieve significantly better resolution,
sensitivity, and sample size compared to prior efforts of this nature. For our sample of 250 bright
galaxies we measure a mean spectral index, α, of -0.69 between 1.4 and 4.85 GHz, -0.55 between 325
MHz and 1.4 GHz, and -0.45 between 74 and 325 MHz, which amounts to a detection of curvature
in the mean spectrum. The magnitude of this curvature is approximately ∆α = −0.2 per logarithmic
frequency decade when fit with a generalized function having constant curvature. No trend in low
frequency spectral flattening versus galaxy inclination is evident in our data, suggesting that free-free
absorption is not a satisfying explanation for the observed curvature. The ratio of thermal to non-
thermal emission is estimated by two independent methods, (1) using the IRAS far-IR fluxes, and (2)
with the value of the total spectral index. Method (1) results in a distribution of 1.4 GHz thermal
fractions of 9% ± 3%, which is consistent with previous studies, while method (2) produces a mean
1.4 GHz thermal fraction of 51% with dispersion 26%. The highly implausible values produced by
method (2) indicate that the sum of typical power-law thermal and non-thermal components is not
a viable model for the total spectral index between 325 and 1.4 GHz. An investigation into relation-
ships between spectral index, infrared-derived quantities and additional source properties reveals that
galaxies with high radio luminosity in our sample are found to have, on average, a flatter radio spectral
index, and early types tend to have excess radio emission when compared to the radio-infrared ratio
of later types. Early types also have radio emission which is more compact than later type galaxies,
as compared to the optical size of the galaxy. Despite these differences, no relation between spectral
index and galaxy type is detected.
Subject headings: radio continuum: galaxies — galaxies: statistics
1. INTRODUCTION
Early radio continuum observations of bright galaxies
established an approximately power-law relation between
flux S and frequency ν, typically parameterized by the
spectral index α, defined here as the positive power-law
exponent: S(ν) ∝ να. The spectral index is an impor-
tant observational quantity since it can be interpreted
as a measure of a source’s physical properties and pro-
cesses. The spectra below ∼ 50 GHz from star forming
galaxies are typically modeled as the sum of synchrotron
emission, with non-thermal spectral index αNT ∼ -0.8,
and thermal bremsstrahlung, with thermal spectral in-
dex αT ∼ -0.1 (e.g., Condon 1992); an illustration of
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this model is provided in Figure 1. Prior surveys of spi-
ral galaxies have reported narrow distributions of spec-
tral indices: Sramek (1975) found α = -0.85 between 1.4
and 5 GHz, Klein & Emerson (1981) found α = -0.71 be-
tween 408 MHz and 10.7 GHz with a dispersion of 0.08
dex, and using a larger sample, Gioia et al. (1982) found
α = -0.74 with a dispersion of 0.12 dex over the same
frequency range.
These sharply peaked empirical distributions of spec-
tral indices are often interpreted as measures of the con-
stancy of both the non-thermal spectral index and the
thermal fraction among sampled galaxies. These stud-
ies typically find that the spectra are well described
by power laws over observed frequency ranges spanning
one or two orders of magnitude, a conclusion most evi-
dent from the “average” spectrum shown by Gioia et al.
(1982). These results have led to the following common
generalizations regarding the population of normal galax-
ies: (1) the total radio spectral index is ∼ -0.7, (2) the
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Fig. 1.— Illustration of a generic radio spectrum with ba-
sic power-law model components: steep spectrum synchrotron
(dashed) with spectral index αNT = −0.8, flat-spectrum free-free
(dash-dot) with spectral index αT = −0.1, and sum (shaded). The
locations of the radio survey data are indicated with filled circles.
Spectral indices αlow, αmid, and αhigh are calculated from the total
radio spectrum between adjacent frequency intervals.
synchrotron spectral index is ∼ -0.8, and (3) synchrotron
emission dominates over thermal emission at frequencies
below 10 GHz, with the thermal fraction dropping to less
than 10% at frequencies . 1 GHz. Furthermore, these
generalizations are often extrapolated to model the ra-
dio spectrum at frequencies lower and higher than the
data upon which they are based.
In the simple model with power-law components, e.g.,
Figure 1, the total spectrum flattens with increasing fre-
quency as the thermal component becomes the domi-
nant emission mechanism. Niklas et al. (1997) use this
curvature to fit for the thermal fraction at 1 GHz and
find 8% ± 1% for a sample of 74 Shapley-Ames galax-
ies. However, a similar study by Duric et al. (1988)
of 41 spiral galaxies reports a much larger variation in
thermal fraction. This spectral decomposition method
is difficult, since the power-law models often used may
not be good approximations of the emission components.
One such case against a power-law model is presented
by Williams & Bower (2010), who favor a curved syn-
chrotron spectrum to model the data. Additionally, the
synchrotron spectral index may be significantly steeper
in some sources (Niklas et al. 1997) than the mean value
typical of the galaxy population.
Other departures from the simple model are evident at
low radio frequencies (ν . 1 GHz), such as in the proto-
typical starburst spectrum of M82 (Condon 1992). In
studies involving larger samples of galaxies there have
been reports of flattening in the total spectrum (e.g.,
Slee 1972; Israel & Mahoney 1990; Pohl et al. 1991a),
but the physical interpretation remains uncertain. Sev-
eral plausible scenarios have been proposed including
thermal absorption of a power-law synchrotron compo-
nent or intrinsic curvature in the synchrotron spectrum.
For some ordinary galaxies, the case for thermal ab-
sorption appears to require unlikely physical parameters
(Pohl et al. 1991b; Hummel 1991) but plausible mod-
els have been presented for more extreme systems (e.g.,
Anantharamaiah et al. 2000; Lacki 2013).
Models of the synchrotron spectrum are often based
on a population of relativistic electrons with a power-law
distribution of energy γ: q(γ) = q0γ
−s. Several energy-
dependent processes can alter the shape of this parti-
cle distribution and thereby alter the shape of the syn-
chrotron spectrum. These processes include ionization
and electronic excitation (Gould 1975), inverse Compton,
synchrotron radiation, and relativistic bremsstrahlung,
although the latter is only weakly dependent on the
particle’s energy. The combined effect of these energy-
dependent losses is that the initial power-law energy dis-
tribution (and resulting synchrotron spectrum) develops
concave curvature, i.e., steeper at the higher energies
(higher frequencies) and flatter at lower energies (lower
frequencies).
A family of more elaborate models can be developed
by considering the time evolution of the the synchrotron-
emitting cosmic ray electron (CRE) population, often
by invoking a ‘single box’ with uniform particle and
energy density, or a ‘dynamical halo’ model consist-
ing of a 2-d galactic disk with perpendicular wind (see
Pohl & Schlickeiser 1990, and references therein). For
injection which is constant in time, these losses cause
breaks of ∆s = 1.0 which manifest as breaks of ∆α = 0.5
in the synchrotron spectrum—note that these breaks
are not sharp but rather represent asymptotic values
for which the transition occurs over at least an order
of magnitude in frequency (for a graphical example, see
Hughes 1991, p. 121; also, Jones 1970). A low-frequency
break (flattening with decreasing energy or frequency)
is expected due to electronic excitation and ionization
and a high-frequency break (steepening with increas-
ing energy or frequency) results from inverse Compton
and synchrotron radiative losses; under certain condi-
tions, these breaks can fuse into a single observable with
∆α = 1.0. Additionally, energy-dependent CRE re-
acceleration (Pohl et al. 1991b) and energy-dependent
diffusion combined with advective escape can present ob-
servable spectral curvature.
However, quantitative conclusions drawn from these
models remain questionable since they do not consider
the high degree of inhomogeneity in real galaxies (e.g.,
Lisenfeld et al. 1998; Tabatabaei et al. 2013). Specifi-
cally, spatial variations in physical quantities such as den-
sity, magnetic field, cosmic ray injection, and interstel-
lar radiation will result in spatial variations in the radio
spectrum. Since the integrated spectrum is the sum over
these different regions, the spectral features predicted by
simple models will be smeared out over a larger frequency
range and it becomes difficult to relate characteristics of
the integrated spectrum to a single set of physical quan-
tities. Due to these uncertainties, it is advantageous to
explore additional relationships to better understand the
nature of radio sources in galaxies. Some trends have
already been identified in previous studies, such as a re-
lation between spectral index and galaxy morphological
type (Condon et al. 1991; Sramek 1975, wherein early
types have slightly flatter spectra), between spectral in-
dex and optical color (Deeg et al. 1993, wherein redder
galaxies are slightly flatter), and spectral index versus
optical axial ratio (Israel & Mahoney 1990), although
the latter two results have not been well established.
It is the goal of this paper to better establish the shape
of the integrated radio continuum spectrum below 5 GHz
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and to test for relationships between source properties.
In order to achieve a substantially larger sample of galax-
ies than previous efforts, and to better guard against se-
lection effects and background source confusion, we have
designed a new study to investigate the nature of low-
frequency radio spectra using a suite of high-resolution
survey data. We describe the properties of these sur-
veys and the sample selection strategy in Section 2. Sur-
vey measurement techniques and derivation of additional
source properties are detailed in Section 3. The measured
spectral indices and their relationships with source prop-
erties and ancillary data are presented in Section 4 and
discussed in Section 5.
2. SURVEY PROPERTIES AND SAMPLE SELECTION
We selected four northern-hemisphere large-area ra-
dio surveys as the basis for the spectral data: the VLA
Low-Frequency Sky Survey Redux (VLSSr; Lane et al.
(2012)), the Westerbork Northern Sky Survey (WENSS;
Rengelink et al. (1997)), the NRAO VLA Sky Survey
(NVSS; Condon et al. (1998)), and the Green Bank 6
cm Survey (GB6; Gregory et al. (1996)). Table 1 sum-
marizes key properties of these surveys and Figure 1
demonstrates how they sample the radio spectrum, from
74 MHz to 4.85 GHz, in roughly equal intervals. The
VLSSr, a re-reduction of the original VLSS survey data
(Cohen et al. 2007) incorporating enhanced data pro-
cessing and imaging algorithms, provides a critical im-
provement in sensitivity necessary to detect many of the
sources in our sample.
We restrict this project to an annulus in declination,
+35 ≤ δ ≤ +75, which is covered by all surveys and for
which the WENSS declination-dependent resolution ele-
ment is not very distorted. All entries in the 3rd Catalog
of Bright Galaxies (RC3; de Vaucouleurs et al. (1991))
inside this declination range, with optical magnitude (B-
band, 400-500 nm) BT < 14 and optical major axis < 10
′
are compiled, resulting in a sample size of 787. Note
that this restriction on optical size is important to en-
sure accurate measurements of the total flux from the
radio surveys.
Image cutouts (15′ × 15′) are obtained at the location
of each optical position for each of the VLSSr, WENSS,
and NVSS surveys and all radio data are scaled to the
flux-density standard of Baars et al. (1977). Each source
is first investigated using the NVSS survey images, for
which the point source sensitivity and resolution are su-
perior to the other surveys. Since background confu-
sion is known to be a serious concern (the NVSS cata-
log source density is 50 per square degree brighter than
2 mJy) we adopt a radio-optical coherence length of
30′′ to reject background sources with 99% confidence
(Condon et al. 1998). Additionally, we want to avoid
background objects which could create confusion for the
lower resolution surveys, so we reject sources having mul-
tiple radio components within 2′ of the optical position.
A total of 197 galaxies are rejected on the basis of coher-
ence length or multiple components.
We also restrict our sample to include only radio
sources for which the NVSS-WENSS 2-point spectral in-
dex can be well determined. Based on simulated mea-
surements with a standard α = −0.7 spectral index, in
order to achieve a measurement uncertainty ∆α2pt ≤ 0.1
we need to consider WENSS sources≥ 7σ (NVSS sources
≥ 20σ). Furthermore, by setting a demanding NVSS flux
threshold, we can expect to detect these sources in the
WENSS survey even if they have atypical spectra. Had
we set a lower flux threshold, flat spectrum sources would
have been too faint to be detected in WENSS, leading
to a preference for steeper spectrum sources in the fi-
nal sample. A total of 321 galaxies are rejected for not
having radio counterparts bright enough for our spectral
investigation. A small number of additional galaxies are
rejected due to issues obtaining one or more of the sur-
vey cutouts, or because the cutouts are severely contam-
inated by artifacts from a bright nearby source. After
these selections, 250 galaxies remain in our final sample.
3. DATA
3.1. Survey Measurements
Since many galaxies in our sample have optical sizes
larger than the survey resolution element, a 2-d Gaus-
sian fit at the full survey resolution may not provide the
best estimate of the total flux (Owen & Morrison 2008).
Accordingly, the NVSS and WENSS survey cutouts are
convolved with Gaussian beams 2, 3, and 4 times larger
than the native survey resolution to produce lower res-
olution images. The radio source is fit using the AIPS
task JMFIT for each scale; if the source size is resolved
and the integrated flux is at least 10% larger than the
peak flux then the integrated flux is recorded, otherwise
the peak flux is used. The final flux is taken from the
scale which produces the greatest signal-to-noise ratio
while maintaining coincidence with the optical position.
This method produces values which are on average 5.4%
greater than those listed in the NVSS catalog and 4.5%
greater than values in the WENSS catalog.
The VLSSr peak flux is measured from the full resolu-
tion survey cutout at the position of the optical source
and corrected for beam resolution using the measured
NVSS size. The source-free RMS in the VLSSr cutout is
used to determine the uncertainty in the VLSSr flux. The
GB6 fluxes and errors are compiled from the published
catalog using entries within 1′ of the optical positions.
Sources having no GB6 association are assigned 5σ upper
limits using the GB6 declination-dependent sensitivity.
Using these methods, we record NVSS fluxes for
250 sources, WENSS fluxes for 233 sources, VLSSr
fluxes (greater than 3σ) for 89 sources, and GB6 fluxes
(greater than 5σ) for 85 sources. The upper limits are
also recorded and used in further statistical analysis.
The survey measurements are listed in their entirety in
Table 2. The nine columns of Table 2 give the following
information:
Column 1. Uppsala General Catalog (UGC) number
(Nilson 1973).
Columns 2, 3. NVSS flux and uncertainty in mJy,
measured from the survey cutout images using the AIPS
task JMFIT, selected from multiple resolutions.
Columns 4, 5. NVSS fitted size in arcseconds and
position angle in degrees, nominal full-width at half
max, from JMFIT.
Columns 6, 7 WENSS flux and uncertainty in mJy,
measured from the survey cutout images using the AIPS
task JMFIT, selected from multiple resolutions.
Columns 8, 9. VLSSr flux and error in mJy,
measured from the survey cutout images. Flux values
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TABLE 1
Survey Properties.
Survey Frequency Coverage Resolution LASa Sensitivity
Name (MHz) (◦) (′′) (′) (mJy beam−1)
VLSSr 74 δ > -30 75 × 75 13.3 54b
WENSS 325 δ > +28.5 54 × 54/sin δ 60 3.6
NVSS 1400 δ > -40 45 × 45 15 0.45
GB6 4850 +75 > δ > 0 216 × 204 10 3.8c
a The largest angular scale to which the survey is sensitive.
b The median source-free RMS measured from the survey cutouts used in this project.
c The average over the declination-dependent sensitivity curve appearing in
Gregory et al. (1996) for the declination range +35 ≤ δ ≤ +75.
are determined by taking the image value at the location
of the optical source center and correcting for the ratio
of peak to integrated flux based on the measured NVSS
size. Flux uncertainties are the source-free RMS of the
cutout image multiplied by the same size correction
factor that was used for the flux.
3.2. Additional Source Properties
We compile a suite of additional data for each source
based on available optical, infrared and radio informa-
tion, which will be tested for relationships with radio
spectral properties in Sections 4.3 and 4.4. The optical
morphology is assessed using the numerical Hubble stage
T, a progression from early to late types, as recorded in
the RC3 catalog. Values for the position, optical major
axis (D25), optical axial ratio, B-band magnitude, B-V
and U-B colors, and systemic velocity are also taken from
the RC3 catalog.
Infrared fluxes at 60 and 100 µm are extracted from
the following IRAS databases, in order of preference:
The Bright Galaxy Sample (Soifer et al. 1989), Large
Optical Galaxies (Rice et al. 1988), Small-Scale Struc-
ture Catalog (Helou & Walker 1988), Faint Source Cat-
alog (Moshir et al. 1992), and the Point Source Cata-
log (Beichman et al. 1988). Only IRAS sources within
2′ of the optical positions are considered. The 60 and
100 µm fluxes are combined into a single quantity, FIR,
which estimates the flux between 42.5 and 122.5 µm
(Helou et al. 1985),
FIR = 1.26× 10−14
(
2.58S60µm + S100µm
)
Wm−2
(1)
where S60µm and S100µm are the 60 and 100 µm fluxes
in Jy.
We adopt the relation between star formation rate
(SFR) and radio free-free luminosity, Lth, given in
Murphy et al. (2011)
SFR
M⊙ yr−1
= 4.6× 10−28
(
Lth
ergs s−1Hz−1
)
×
(
Te
104K
)−0.45 (
ν
GHz
)0.1
(2)
and the relation between SFR and IR luminosity, LIR,
from Kennicutt (1998)
SFR
M⊙ yr−1
= 4.5× 10−44
(
LIR
ergs s−1
)
(3)
By equating Equation 2 and Equation 3 we derive an ex-
pression for the optically-thin thermal radio flux, IRSth,
IRSth(ν) = 1.4× 10
10
(
FIR
Wm−2
)
×
(
Te
104K
)0.45 (
ν
GHz
)−0.1
Jy (4)
for which we have assumed LIR(8 − 1000µm) =
1.5LFIR(42.5 − 122.5µm) as in Yun et al. (2001). We
introduce the superscript ‘IR’ to remind the reader that
this quantity is derived from the far-IR flux using sim-
ple assumptions. We adopt an electron temperature of
104 K and tabulate the thermal radio flux at 1.4 GHz,
IRSth,1.4 =
IRSth(1.4 GHz). Note that because Equa-
tions 2 and 3 are based on starburst population syn-
thesis models with somewhat different assumptions, the
numerical coefficient of Equation 4 has some additional
uncertainty.
We define the thermal fraction, fth, as the ratio of
thermal radio flux to total radio flux,
fth(ν) = Sth(ν)/S(ν) (5)
We tabulate the thermal fraction at 1.4 GHz, IRfth,1.4,
using IRSth,1.4 as the thermal radio flux and our mea-
surement of the NVSS flux as the total radio flux at 1.4
GHz,
IRfth,1.4 =
IRSth,1.4/SNVSS (6)
The radio-FIR ratio q is calculated from the IRAS
data and our NVSS survey measurements following
Helou et al. (1985),
q = log
(
FIR
3.75× 1012 W m−2
)
− log
(
S1.4GHz
W m−2 Hz−1
)
(7)
Since the expressions for IRfth,1.4 and q both contain
the ratio of FIR to the total radio flux, IRfth,1.4 can be
expressed as a function of q,
IRfth,1.4 = 1.7× 10
(q−3.53) (8)
Based on this relation sources with small values of q,
which would classically be described as having a radio ex-
cess, could alternatively be interpreted as having a low
thermal fraction. Note that values of q more extreme
than 3.29 would be difficult to interpret in this manner,
since their thermal fractions would exceed unity. How-
ever, not only does our study not contain any sources
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TABLE 2
Survey Measurements.
NVSS Quantities WENSS Quantities VLSSr Quantities GB6 Quantities
Galaxy Name Flux Error θM × θm P. A. Flux Error Flux Error Flux Error
(UGC #) (mJy) (mJy) (′′ × ′′) (◦) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
444 10.0 1.1 37 × 26 81 24 2 <161 · · · <19 · · ·
480 38.4 1.6 40 × 38 125 109 4 311 61 <19 · · ·
528 142 4 48 × 45 79 262 10 444 63 58 6
625 19.6 1.2 45 × 31 134 42 5 287 75 <18 · · ·
758 20.6 0.9 26 × 17 72 52 4 189 50 <19 · · ·
1111 31.8 1.0 14 × 10 42 64 4 <173 · · · <19 · · ·
1220 19.3 0.8 25 × 13 22 45 4 <173 · · · <19 · · ·
1347 13.0 1.1 43 × 32 104 31 6 <210 · · · <19 · · ·
1348 67.4 2.4 44 × 11 85 263 10 840 62 32 4
1355 18.5 0.9 23 × 21 39 37 4 <244 · · · <18 · · ·
Note. — Table 2 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here
for guidance regarding its form and content.
with q this extreme, but neither does the study of
Yun et al. (2001) which includes more than 1800 sources.
The infrared fluxes and derived quantities are listed in
Table 3. The seven columns of Table 3 give the following
information:
Column 1. UGC number.
Columns 2, 3. The 60 and 100 µm IRAS fluxes used
in this study.
Column 4. The total Far-IR emission between 42.5
and 122.5 µm, calculated with Equation 1.
Column 5. The thermal flux in mJy calculated with
Equation 4.
Column 6. The thermal fraction at 1.4 GHz, calcu-
lated with Equation 6.
Column 7. The radio-FIR ratio q, calculated with
Equation 7.
Additional quantities are tabulated for the radio mor-
phology and luminosity. We characterize the nature of
the radio source by its compactness, defined as the ra-
tio of the fitted NVSS major axis to the optical major
axis, and by the radio surface brightness, using the ra-
tio of the NVSS flux to the NVSS solid angle defined by
the fitted source size. The Hubble flow distance is calcu-
lated from the RC3 velocity (galactic standard of rest) by
adopting a value of H◦ = 70 km s
−1 Mpc−1. Radio and
infrared luminosities are estimated in the standard fash-
ion, L = 4piD2S, for distance D and flux S. Hubble flow
distances less than 20 Mpc and any derived luminosities
are not considered in further analysis due to their large
uncertainty.
A selection of source properties are listed in Table
4. The eight columns of Table 4 give the following
information:
Column 1. UGC number.
Column 2. Alternate source name.
Column 3. Optical position from RC3
Column 4. Optical axial ratio (minor to major)
derived from RC3.
Column 5. Numerical Hubble type from RC3, from
early to late morphologies. Ellipticals are in the range -6
to -4, lenticulars -3 to -1, spirals (from Sa to Sd) 0 to 8,
Magellanic spirals and irregulars 9 and 10, respectively,
compact irregulars, 11, non-Magellanic irregulars 90,
and peculiars 99.
Column 6. Log of the surface brightness, calculated
as the NVSS flux divided by the NVSS solid angle
(major axis diameter by minor axis diameter), in units
of mJy per square arcminute.
Column 7. Radio compactness parameter, the ratio
of NVSS major axis (Gaussian full-width at half max)
to RC3 optical major axis (D25).
Column 8. The Hubble flow distance in Mpc.
4. RESULTS
4.1. Spectral Properties of the Sample
The goal of this section is to present our spectral mea-
surements and to describe the average spectrum of the
entire sample. We calculate the spectral index between
adjacent frequency pairs, when sources are detected in
both surveys, or constrain the spectral index in the case
that the source is only detected in one survey in the pair.
Spectral index limits are calculated between the detec-
tion and the value of the flux upper limit; no value is
produced when the source is not detected in either sur-
vey in the pair. Due to dissimilar survey sensitivities,
many sources detected in the WENSS survey are not de-
tected in the VLSSr, leading to lower limits on the low-
frequency spectral index, and many sources detected in
the NVSS survey are not detected in GB6, leading to
upper limits on the high-frequency spectral index.
We label these spectral indices αlow, αmid and αhigh to
represent their relationship to our frequency sampling
as illustrated in Figure 1, and provide these spectral
measurements in Table 5. The nine columns of Table 5
give the following information:
Column 1. UGC number.
Columns 2, 3. Spectral index αlow and uncertainty
measured between the VLSSr and WENSS data. Limits
are given when only one flux is detected, calculated
as the slope between the detection and the flux upper
limit. No value is given when there are non-detections
at both bands.
Column 4, 5. Spectral index αmid and uncertainty
measured between the WENSS and NVSS data. Non-
detections are treated as in columns 2 and 3.
Column 6, 7. Spectral index αhigh and uncertainty
measured between the NVSS and GB6 data. Non-
detections are treated as in columns 2 and 3.
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TABLE 3
Far-IR Data and Derived Quantities.
Galaxy Name S60µm S100µm FIR IRSth,1.4
IRfth,1.4 R-FIR q
(UGC #) (Jy) (Jy) (10−14 W m−2) (mJy) (%)
(1) (2) (3) (4) (5) (6) (7)
444 0.8 2.2 5.4 0.7 7 2.16
480 1.4 3.6 9.0 1.1 3 1.79
528 25 44 137 17 12 2.41
625 2.4 6.6 16 2.0 10 2.34
758 2.0 5.2 13 1.7 8 2.24
1111 2.0 3.5 11 1.4 4 1.96
1220 1.9 4.6 12 1.5 8 2.22
1347 1.5 3.8 9.7 1.2 10 2.30
1348 0.2 0.9 1.9 0.2 <1 0.88
1355 3.4 6.2 19 2.4 13 2.43
Note. — Table 3 is published in its entirety in the electronic edition of the Astronomical
Journal. A portion is shown here for guidance regarding its form and content.
TABLE 4
Additional Source Properties.
Galaxy Name Alt. Name Position (J2000) Axial Ratio Type log Σ compact D (Mpc)
(1) (2) (3) (4) (5) (6) (7) (8)
444 · · · 00 42 04.7 36 48 15 0.69 · · · 1.6 0.54 155
480 NGC 218 00 46 32.0 36 19 33 0.76 · · · 2.0 0.43 162
528 NGC 278 00 52 04.6 47 33 00 0.95 3 2.4 0.38 · · ·
625 IC 65 01 00 55.8 47 40 51 0.30 4 1.7 0.19 40
758 NGC 425 01 13 02.5 38 46 07 0.93 · · · 2.2 0.41 93
1111 NGC 591 01 33 31.4 35 40 07 0.83 0 2.9 0.18 67
1220 NGC 662 01 44 35.4 37 41 48 0.63 · · · 2.3 0.50 83
1347 · · · 01 52 45.8 36 37 07 0.87 5 1.5 0.57 81
1348 NGC 708 01 52 46.4 36 09 06 0.83 -5 2.7 0.24 71
1355 · · · 01 53 36.5 43 57 58 0.87 3 2.1 0.28 91
Note. — Table 4 is published in its entirety in the electronic edition of the Astronomical Journal. A portion
is shown here for guidance regarding its form and content.
TABLE 5
Spectral Properties.
UGC # αlow ∆αlow αmid ∆αmid αhigh ∆αhigh Rlow ∆Rlow
(1) (2) (3) (4) (5) (6) (7) (8) (9)
444 >-1.28 · · · -0.60 0.09 <0.50 · · · -0.3 0.1
480 -0.71 0.14 -0.71 0.04 <-0.58 · · · 2.9 0.6
528 -0.36 0.10 -0.42 0.03 -0.72 0.09 1.7 0.2
625 -1.29 0.20 -0.53 0.10 <-0.06 · · · 6.8 2.0
758 -0.87 0.19 -0.63 0.06 <-0.08 · · · 3.6 1.0
1111 >-0.67 · · · -0.48 0.04 <-0.43 · · · 2.3 0.9
1220 >-0.92 · · · -0.57 0.06 <-0.03 · · · 1.0 1.3
1347 >-1.29 · · · -0.60 0.15 <0.30 · · · 3.5 2.4
1348 -0.78 0.06 -0.93 0.04 -0.60 0.10 3.2 0.3
1355 >-1.27 · · · -0.47 0.08 <-0.01 · · · 0.2 2.2
Note. — Table 5 is published in its entirety in the electronic edition of the Astro-
nomical Journal. A portion is shown here for guidance regarding its form and content.
Column 8, 9. The ratio and uncertainty between the
VLSSr and WENSS flux measurements. Negative values
are due to the VLSSr flux measurement technique. No
value is given when the WENSS flux is not detected.
After calculating the spectral index, our next goal is
to characterize the distributions of αlow, αmid and αhigh.
When dealing with flux upper limits, we employ the Non-
detects and Data Analysis (NADA) package from the [R]
computer language. Specifically, the Akritas-Theil-Sen
(ATS) nonparametric line is used to determine the pop-
ulation mean, which considers both detections and cen-
sored data using survival analysis techniques; the uncer-
tainty in the population mean is estimated by nonpara-
metric bootstrap.
The most precise measure of the spectral index is be-
tween the 325 and 1400 MHz data (WENNS - NVSS,
referred to herein as αmid). A value of αmid is available
for each of the 250 sources and has a typical uncertainty
of ±0.1 (see Figure 2). We find a mean αmid of -0.55 and
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Fig. 2.— The distribution of spectral index αmid, calculated be-
tween the WENSS and NVSS survey data, is shown for the sample
of 250 sources (shaded). These data have mean value -0.55 and
standard error 0.01, calculated after outlier rejection. The uncer-
tainties in the flux measurements are used to simulate the spec-
tral index distribution which we would expect to observe if every
source’s intrinsic spectral index were equal to that of the sample
mean. The dispersion in αmid is substantially broader than can be
explained by measurement uncertainty alone (solid line), indicat-
ing that much of the observed variability is intrinsic to the source
population.
dispersion between 0.10 and 0.20 depending on the de-
gree of outlier rejection, resulting in a standard error in
the mean of approximately 0.01. A simulation incorpo-
rating the measured flux uncertainties is used to estimate
the effect of measurement error on the dispersion in αmid.
By scaling each source to have the same spectral index
as the mean of αmid and resampling αmid using a para-
metric uncertainty model, we construct the distribution
we would expect to observe if each source had the same
spectral index (see the solid curve in Figure 2). Since the
dispersion in this simulated distribution is approximately
0.05, we find that much of the observed dispersion in αmid
is due to intrinsic variability within the population and
can not be attributed to measurement error.
The spectral index between the lowest frequency data
in our study, αlow, is calculated using flux measurements
at 74 and 325 MHz (VLSSr - WENSS). We choose to
censor the VLSSr flux measurements below 3σ for the
purposes of calculating the spectral index and instead
use the 3σ value to determine a lower limit to αlow. We
find a mean αlow for the sample of −0.45±0.05, incorpo-
rating both the detections and limits with survival anal-
ysis (see Figure 3). The dispersion, considering only the
detections, is 0.37. The low frequency flux ratio Rlow,
defined as the ratio of VLSSr to WENSS flux, is also cal-
culated for each source. The advantage of Rlow is that
it has been tabulated along with an uncertainty for each
source instead of being censored in the manner of αlow.
Between 1400 and 4850 MHz (NVSS - GB6) we cal-
culate αhigh, the spectral index between the highest fre-
quency pair. The GB6 5σ declination-dependent upper
limits are used to produce corresponding upper limits
in αhigh when catalog fluxes are unavailable. A sample
mean of −0.69± 0.04 (see Figure 4) is determined using
survival analysis, and the dispersion of the detections is
0.30.
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Fig. 3.— The distribution of spectral index αlow, taken between
the VLSSr and WENSS survey data, is shown for the sample of 250
sources. Measurements (shaded) are computed from detections at
both frequencies; 3σ lower limits (hashed) are derived from VLSSr
non-detections. The sample mean (dashed line) is determined to
be −0.45±0.05, incorporating both the detections and limits using
survival analysis. The arrow overlaid on the hashed bins empha-
sizes the direction of the spectral index limits and therefore the
influence these bins have on the sample mean.
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Fig. 4.— The distribution of spectral index αhigh, between the
NVSS and GB6 survey data, for the sample of 250 sources. Mea-
surements (shaded) are computed from detections at both frequen-
cies; 5σ upper limits (hashed) are based on NVSS detections for
which no corresponding GB6 catalog association was identified.
The sample mean, −0.69 ± 0.04, is fit with survival analysis tech-
niques to incorporate the detections and limits. The arrow overlaid
on the hashed bins emphasizes the direction of the spectral index
limits and therefore the influence these bins have on the sample
mean.
The differences between mean values of αlow, αmid, and
αhigh are tested for significance against the t-distribution,
where the variance and effective degrees of freedom are
estimated following procedures for samples with unequal
variances. The change from αlow to αmid is suggestive
but not highly significant, at a level of 95%, whereas
the differences between αmid and αhigh and between αlow
and αhigh are both deemed significant at a level greater
than 99.9%. Taken as a whole these results demonstrate
that, across the entire frequency range of this study, the
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Fig. 5.— Illustration summarizing the results of our spectral
measurements for the galaxy sample. The scaled mean flux for each
radio survey (filled circles) is fit with a function having spectral
index α = -0.7 at 10 GHz and curvature ∆α = -0.2 per logarithmic
frequency decade (shaded).
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Fig. 6.— The distribution of the radio to far-IR ratio q, calculated
with Equation 7, for a sample of 221 galaxies for which IRAS data
was available. The mean value from Yun et al. (2001), q = 2.34, is
indicated by the dashed line. Also labeled is the thermal fraction
at 1.4 GHz, IRfth,1.4, calculated with Equation 6. The median
value of q for our sample is 2.27, which corresponds to a thermal
fraction of 9%. We attribute the displacement of these values of q
from those in Yun et al. (2001) to differences in sample selection:
our sample is limited by radio flux and optical magnitude, and
theirs is 60 µm flux limited.
average spectrum of galaxies in our sample can not be
well described by a single power law; this amounts to a
detection of curvature among the general population in
our sample. The average spectrum can be approximated
by a generic function with logarithmic curvature β =
−0.1, where S(ν) ∝ να+β log ν . For this function, the
spectral index changes by a value ∆α = 2β for each
logarithmic decade in frequency. A summary of these
results is illustrated in Figure 5, which shows a spectrum
derived from the mean spectral indices.
4.2. Calculations of the Thermal Fraction
In this section, two independent methods are used to
calculate the thermal fraction, fth,1.4, defined as the ratio
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Fig. 7.— This scatter plot is used to test for a correlation be-
tween the thermal fraction determined from two independent meth-
ods. Ordinate: the thermal fraction calculated with the IRAS and
NVSS fluxes, IRfth,1.4, as in Figure 6. Abscissa: the thermal frac-
tion calculated from spectral decomposition, Rfth,1.4, from Equa-
tion 9. The dashed line indicates a 1:1 correlation, which would
be expected if both methods produced accurate estimates of the
thermal fraction; however, no such relationship is observed.
of the free-free emission to the total radio continuum at
1.4 GHz, and the results are compared. The first method,
discussed in Section 3.2, uses the IRAS and NVSS fluxes
to produce the values of IRfth,1.4 which appear in Table 3.
The value of IRfth,1.4 can also be expressed as a function
of the radio far-IR ratio q as specified by Equation 8. The
distribution of these values of q, and the corresponding
values of IRfth,1.4 are displayed in Figure 6.
The second method of calculating the thermal frac-
tion is based on the model of power-law emission com-
ponents, i.e., synchrotron and free-free having spectral
indices −0.8 and −0.1, respectively, as illustrated with
Figure 1. The functional form of this model can be writ-
ten as in Equation 9,
S(ν) ∝ fth
(
ν
ν0
)−0.1
+ (1 − fth)
(
ν
ν0
)−0.8
(9)
where fth is the thermal fraction at a chosen reference
frequency ν0. By evaluating this model at ν1 = 325 MHz
and ν2 = 1.4 GHz we derive the following expression for
Rfth,1.4 as a function of αmid:
Rfth,1.4 =
(ν1/ν2)
αmid − (ν1/ν2)
−0.8
(ν1/ν2)−0.1 − (ν1/ν2)−0.8
(10)
where the superscript ‘R’ denotes that this value is de-
rived solely from radio observations plus simple assump-
tions. Equation 10 represents a process which is often re-
ferred to as spectral decomposition. Some applications of
spectral decomposition, having available a larger number
of frequency measurements across a wider bandwidth,
have allowed the synchrotron spectral index to be a free
parameter; here, we avoid this additional complexity in
order to prevent a degenerate parameter space. Note
that our model does not satisfactorily explain observed
spectral indices flatter than -0.1 or steeper than -0.8, and
as such we assign such observations thermal fractions of
100% and 0%, respectively.
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Fig. 8.— A plot of the radio-farIR ratio q, as defined in Equa-
tion 7, versus the numerical Hubble type. The crosses indicate
the mean and standard deviation for bins containing E, L, Sa, Sb,
Sc, and Sd/I types. The dashed line indicates the value q = 2.34,
a value often associated with star formation activity (Yun et al.
2001); galaxies with q values which are less than 1.64 belong to
a radio-excess population commonly associated with AGN. The
early-type galaxies in our sample have, on average, lower values of
q than later morphological types.
In Figure 7, the distribution of IRfth,1.4 (from Equa-
tion 6) is compared to the distribution of Rfth,1.4 (cal-
culated with Equation 10). We find no correlation be-
tween the thermal fractions estimated from these inde-
pendent methods. Moreover, the values of IRfth,1.4 are
narrowly distributed with a median of 9% and disper-
sion 3%, and agree well with the expected values from
prior studies, while the values of Rfth,1.4 are, on aver-
age, much larger and have much greater variation (mean
51% and dispersion 26%). The values produced by spec-
tral decomposition are unsatisfying for several reasons,
most notably the large mean and dispersion, and fail-
ure to properly account for spectral indices outside the
interval −0.8, −0.1. This suggests that the spectral de-
composition model given by Equation 9 is an inadequate
description of the spectra below 1 GHz.
4.3. Relationships with Hubble Type
We investigate relations between the tabulated source
properties (i.e., spectral measurements, FIR-derived
quantities and additional data) and the numerical Hub-
ble type. The data are binned by morphological types
E, L, Sa, Sb, Sc, and Sd/I and the bin means and stan-
dard errors are used to determine the significance level
of correlation. After reviewing a large number of pos-
sible correlations, we present in this section the results
deemed most relevant to this study.
First, we discuss the observed relation between q and
numerical Hubble type, shown in Figure 8. Taken as a
whole, the early-type (E and L) galaxies in our sample
have significantly smaller values of q than spiral types Sa
through Sd. While the late types in our sample typically
have values of q consistent with the expected value for
ordinary star-forming galaxies, many early types in our
sample have ‘radio-excess’ values of q which can be an
indicator of AGN activity (Yun et al. 2001).
We identify a relationship between the numerical Hub-
ble type and our radio compactness parameter, the ra-
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Fig. 9.— The radio-optical compactness parameter, defined as
the ratio of the radio major axis to the optical major axis, versus
the numerical Hubble type. The crosses indicate the mean and
standard deviation for bins containing E, L, Sa, Sb, Sc, and Sd/I
types.
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Fig. 10.— This scatter plot is used to explore the relationship
between spectral index αmid and morphological type, using the nu-
merical Hubble type. The crosses indicate the mean and standard
deviation for bins containing E, L, Sa, Sb, Sc, and Sd/I types.
No appreciable differences are identified in the spectral index of
different morphological types.
tio of the radio to optical major axis diameter (see Fig-
ure 9). On average, the early-type galaxies in this sam-
ple harbor radio sources which are smaller with respect
to the optical host as compared with later morphological
types. There also exists substantial variation in compact-
ness within the sub-population of spiral types Sa to Sd,
where the later tends to be more extended than the for-
mer. One possible explanation is that the star formation
in late types is more distributed throughout the optical
disk but is more nucleated in early types; alternatively,
the radio emission from early types may be due in part
to a low-luminosity AGN. A relationship between com-
pactness and radio surface brightness is also identified,
although this may be due in part to selection effects from
using a flux threshold.
We test for a relationship between αmid and Hubble
type, but do not identify a significant trend in our data
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(see Figure 10). This is an unexpected result consid-
ering that some prior studies have detected such a re-
lation (e.g., Condon et al. 1991; Deeg et al. 1993), al-
though they typically used data at higher frequencies to
calculate the spectral index. Additionally, the distribu-
tions of q and the compactness parameter (see Figures
8 and 9) suggest that the radio sources in early types
may have different properties or be driven by different
processes. However, it appears from our results that
the magnitude of the spectral index across the frequency
range used for αmid (325 - 1400 MHz) is not sensitive to
these differences.
4.4. Relationships with Additional Data
Relationships between spectral measurements (i.e.,
αmid and Rlow) and various additional source properties
are investigated in order to better understand the phys-
ical processes which shape the radio spectrum. Trans-
formations are applied to the data and outliers are re-
jected, when necessary, to better meet the requirements
of normality before testing for correlations. For contin-
uous variables, the significance of the relation is judged
using Pearson’s correlation coefficient.
Significant trends are detected between the steepness
of the spectral slope (using either αmid and Rlow) and
the source luminosity (using either NVSS or IRAS). In
each case the steeper spectra are correlated with sources
having higher luminosity. One such example is shown in
Figure 11, the case of αmid versus the log of NVSS lu-
minosity, in which we have only considered sources with
Hubble flow distances greater than 20 Mpc and luminosi-
ties less than logL = 23.6, for L in [W Hz−1]. The equa-
tion of the regression line determined from these data is
αmid = 2.27− 0.13 logL.
One particular relation which has been discussed in
previous studies is between the low frequency spectral
index and optical axial ratio (as a proxy for galaxy in-
clination), motivated by observation as well as geomet-
ric models of thermal absorption. We test our data for
relationships between the optical inclination, as derived
from the optical axial ratio, and spectral properties αmid
and Rlow. In pursuit of a better parameter to gauge the
amount of expected thermal absorption, we quantify the
projected path length through the galaxy disk by using
our knowledge of the optical size, inclination, Hubble
flow distance, and assuming disk scale height equal to
10% of the diameter. We also test both the full galaxy
sample as well as a subset containing only Hubble types
Sa to Sc, since this subset is expected to better conform
to our disk model. We find no significant relationships
for any of these combinations; one example, αmid versus
inclination angle, is provided with Figure 12.
A final test of considerable interest is αmid versus
IRfth,1.4 (See Figure 13) From the simple model of power-
law thermal and non-thermal emission, e.g., Figure 1, a
flatter spectral index is expected to correlate with in-
creasing thermal fraction, but no such relationship is de-
tected. This indicates that the simple model of optically-
thin power-law components does not provide an adequate
description of the spectral index αmid; this issue is dis-
cussed in greater detail in Section 5.
After reviewing a large number of possible correlations
between spectral properties (Table 5) and the tabulated
source properties (Tables 3 and 4) and rejecting those
20.5 21.0 21.5 22.0 22.5 23.0 23.5
log ( NVSS Luminosity /  W Hz 1  )
!1.5
"1.0
#
0.5
0.0
0.5
1.0
sp
e
ct
ra
l 
in
d
e
x
 $
m
id
Fig. 11.— The values of αmid plotted as a function of NVSS
luminosity. The crosses mark the mean and standard deviation of
bins containing an equal number of sources. A significant trend is
identified whereby the higher luminosity sources in our sample are
associated with steeper spectral index.
0 20 40 60 80
optical inclination [ % ]
&1.5
'1.0
(0.5
0.0
0.5
1.0
sp
e
ct
ra
l 
in
d
e
x
 )
m
id
Fig. 12.— The values of αmid plotted as a function of optical
inclination angle and crosses marking the mean and standard de-
viation of bins containing equal numbers of sources. We do not
see this relation in our data after testing αmid, Rlow and projected
linear size versus inclination angle, where the linear size was calcu-
lated using the optical size, inclination and Hubble flow distance.
which could be attributed to selection effects, only the
relation between spectral index and luminosity is found
to be significant. A number of supplemental tests are also
conducted using optical colors B-V and U-B, the ratio of
the 60 and 100 µm fluxes, the radio axial ratio and the
difference between radio and optical position angles, but
no significant trends are identified.
5. DISCUSSION AND CONCLUSIONS
For most galaxies in our sample, the fractional sensi-
tivity for our set of flux measurements is not adequate to
distinguish the standard power-law model from alterna-
tives based on goodness-of-fit statistics. For this reason,
we focus not on fitting the individual galaxy spectra but
instead on descriptive population statistics. This section
discusses our interpretation of (1) the mean values of the
spectral index and generalized curvature, (2) the disper-
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Fig. 13.— This scatter plot is used to test for a correlation
between the thermal fraction, as determined from the IRAS and
NVSS fluxes (Equation 8), and spectral index αmid, with crosses
showing the mean and standard deviation for bins containing equal
numbers of sources. No significant relationship is detected between
these quantities.
sion in the distribution of αmid, and (3) relationships be-
tween spectral characteristics of the radio emission and
additional source properties.
From the distributions of αlow, αmid, and αhigh, we find
that there is low frequency curvature present in the radio
spectra of galaxies. Comparing our result to the average
spectra of the Gioia et al. (1982) sample, we find that we
agree asymptotically at the high frequency part of the
spectrum but diverge at lower frequencies. One possible
explanation is that the Gioia et al. (1982) sample suf-
fers from selection effects— approximately 40% of their
original volume limited sample was discarded because of
non-detections at the lowest frequency. Other studies
such as the one by Israel & Mahoney (1990), which ex-
tends down to 57.5 MHz, found that spectral curvature
in the form of low frequency flattening is not uncommon
in spiral galaxies. Therefore we conclude that low fre-
quency galaxy spectra are, on average, better modeled
by a function having logarithmic curvature than by a
single power law. We find that ∆α = −0.2 per logarith-
mic frequency decade is the approximate magnitude for
this curvature within our sample.
There are a number of physical mechanisms which
could potentially produce this spectral curvature. Here,
we consider (1) free-free absorption of a synchrotron
power law, and (2) a curved synchrotron spectrum re-
sulting from curvature in the underlying distribution of
CREs. It appears unlikely that free-free absorption can
effect much of the spectrum for this sample of normal
galaxies, as this would require a plasma with a large
emission measure and a large covering factor. Although
compact HII regions have been found to emit optically
thick free-free emission at frequencies > 10 GHz (e.g.,
Tarchi et al. 2000; McDonald et al. 2002), these are pref-
erentially found in dense starburst galaxies and do not
cover a large fraction of the source. On the other hand,
the hot ISM has a large covering factor but can not pro-
duce the required emission measures given typical sizes
and densities. Therefore, we conclude that thermal ab-
sorption of power-law synchrotron emission can not be
the primary mechanism which produces the observed
curvature.
We also want to discuss some of the physical mech-
anisms which could be responsible for a curved syn-
chrotron spectrum. Here, we adopt a model where cos-
mic rays are injected into the system with a power-law
energy distribution via shock acceleration, where the in-
jection index s ∼ 2 (for example, see Drury 1983). The
synchrotron spectral index from this ‘young’ electron dis-
tribution is α ∼ −0.5 which is in good agreement with
the spectral index of supernova remnants (e.g., Green
1984). One description of the spectral curvature de-
tected in the average spectrum (see 5) is that we are
observing a gradual transition from the injection index
to a steeper spectrum at higher frequencies. This spec-
tral behavior is typically associated with radiative losses
(i.e., synchrotron and inverse Compton), for which the
loss rate is proportional to the CRE energy. However,
strong radiative cooling (an essential component in many
R-FIR models) alone would produce a power-law spec-
trum with a much steeper spectral index α ∼ −1.0. Here,
we propose two scenarios under which radiative cooling
could produce the observed curvature. For one, the ra-
diative cooling could transition from weak, at the lower
frequencies, and become stronger at the higher observed
frequencies. In this scenario, electrons radiating below
about 1 GHz would need to be younger than their radia-
tive lifetime. Alternatively, the curvature could be pro-
duced by the combination of strong radiative losses and
another loss mechanism such as ionization or relativistic
bremsstrahlung. In this second scenario, the energy loss
rates of these processes would need to be comparable for
electrons radiating near 1 GHz.
Some studies have used the integrated spectrum to es-
timate physical parameters such as the density and mag-
netic field. For example, Yoast-Hull et al. (2013) com-
pares the results of several models applied to the spec-
trum of M82. However, the variability of these results
emphasizes that the estimated parameters depend upon
the details of the models and their incorporated assump-
tions. An additional consideration which is often ne-
glected when analyzing the total radio spectrum is the
effect of inhomogeneous sources. It is known that the
physical conditions within galaxies (e.g., SFR, density,
temperature, magnetic field, interstellar radiation field)
vary as a function of position, and consequently, CRE in-
jection, radiation and CRE energy loss mechanisms also
vary accordingly. If different regions within the source
produce distinctly different spectra, then the uniform
‘single box’ models may not be adequate to interpret
the net spectrum of these regions (e.g., as discussed by
Lisenfeld & Vo¨lk 2000). A number of observations have
demonstrated the high degree of inhomogeneity in star
forming systems, including spatial variations of the radio
spectrum (e.g., Seaquist & Odegard 1991; Reuter et al.
1992; Lisenfeld et al. 1996; Tabatabaei et al. 2013). Ad-
ditionally, a new study of the resolved radio continuum of
two nearby galaxies (Marvil et al. 2013, in preparation)
demonstrates the importance of inhomogeneities in shap-
ing the integrated spectrum. For these reasons, we elect
not to pursue this type of quantitive interpretation of the
spectral results.
The origin of the observed dispersion in αmid is an-
other point of considerable interest. On one hand, the
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dispersion is small enough that it would appear that the
physical conditions among the majority of galaxies in our
sample are remarkably similar. Yet on the other hand,
this distribution is broad enough that we can not explain
it solely by measurement uncertainty alone, indicating
that some galaxies have intrinsically steeper or flatter
spectra than the average.
One possible model which can address the intrinsic dis-
persion in αmid involves a thermal fraction which varies
within the sample, such that low fth,1.4 sources have
spectra which resemble the underlying non-thermal spec-
trum (αNT . −0.7) and high fth,1.4 sources have spectra
which approach a purely free-free spectrum (α ≥ −0.1).
The right skew present in the distribution of αmid would
further support this explanation. However, we do not
detect correlations between IRfth,1.4 and αmid or Rlow as
would be predicted by such a model. Additionally, the
large thermal fractions needed to explain the typical αmid
values near -0.55, based on the decomposition model of
Equation 10, are much higher than those found in similar
studies.
Several other factors may contribute to the dispersion
in αmid. We considered the effect of the relation be-
tween spectral index and radio luminosity, but this only
accounts for a small fraction of the αmid dispersion. De-
spite testing a large number of potential correlations, we
were unable to identify any additional relationships with
which to illuminate the nature of this dispersion. The
source’s star formation history may also play an impor-
tant role in determining the spectral index; variations of
the constant-injection model of synchrotron spectral ag-
ing predict that post-starburst galaxies will have signifi-
cantly steeper spectra while sources whose star formation
rate is increasing with time will have flatter spectra. Al-
though we tested for and found no relationships between
αmid and optical colors U-B and B-V, a more accurate
measure of star formation history may be necessary to
reveal such a relationship if it exists. Galaxy mass is
another source property which we were unable to test
for, and may affect the spectral index as discussed by
Klein et al. (1991).
There are a small number of outliers in the αmid dis-
tribution (see Figure 2) which we have tried to better
understand. Here, we discuss 16 outliers identified as
having values of αmid outside the interval (-1,0). We
find that their uncertainties are not significantly larger
than the average uncertainties in the sample, and as such,
their differences from the sample mean are highly signif-
icant. We also find that these outliers are much more
likely to lack IRAS identifications (38%) when compared
to the rest of the distribution (9%). For the outliers
which have IRAS detections, their mean value of q is
1.97, which, compared with the distribution of q from
Yun et al. (2001), is about 3σ away from the mean value
(on the radio-loud side). Since these outliers are, on av-
erage, radio loud, it is plausible that those lacking IRAS
identifications are also radio-loud (i.e.. too faint to be
included in the IRAS catalog). There is also the issue of
NVSS source identifications, for which we accepted ap-
proximately 1% background radio sources not associated
with the optical galaxy; this would lead to ∼ 8 objects
in our sample which are likely to be background AGN.
Some spectral index outliers may instead be the result
of AGN in our target sources themselves. Further in-
vestigation of these spectral index outliers reveals that
more than 60% can be classified as AGN based on cat-
alog cross-referencing (i.e., Ve´ron-Cetty & Ve´ron 2010;
Best & Heckman 2012) and examination of very high res-
olution radio continuum images. Moreover, we find that
over 60% of 22 outliers in the q distribution can also be
associated with AGN using these same techniques.
From the tested correlations with Hubble type, we find
several distinguishing characteristics within our sample:
the radio sources in early types appear to be more com-
pact, have higher surface brightness and have excess ra-
dio emission as compared to infrared emission. Never-
theless, the mean spectral index of radio sources in our
early types appears to be the same as the mean spec-
tral index of radio sources in spiral types. Therefore, it
would appear that the magnitude of the spectral index
can not be used to probe the physical nature of the radio
source unless the spectral index takes on extreme values
indicative of purely thermal or non-thermal processes.
One of the primary goals at the outset of this investiga-
tion was to measure relationships between source prop-
erties and spectral characteristics in order to better un-
derstand how the radio continuum spectrum is related
to a source’s physical conditions and star formation his-
tory. However, this analysis was limited by the sensitiv-
ity of current large-area radio survey data, which is not
adequate to accurately measure spectral curvature for
individual objects in our sample. New large-area radio
surveys with enhanced frequency coverage and sensitiv-
ity are highly desirable to improve the detection statistics
and extend the range over which the spectrum can be an-
alyzed. Additionally, improving the spatial resolution of
the spectral data may provide an important probe of the
source’s physical nature. Furthermore, it may be neces-
sary to expand the set of source properties (e.g., gravi-
tational potential, ISM density, magnetic field strength,
wind velocity) to identify stronger correlations.
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